An enzyme-linked immunosorbent assay for antibodies to Borrelia burgdorferi in sheep was established. The assay was used in a seroepidemiological survey in which serum samples from 327 Norwegian rams were screened for antibodies to B. burgdorferi. These rams were randomly chosen, clinically healthy animals from all parts of Norway. They came both from areas where Ixodes ricinus is common and from areas where the tick has not been found. The age of the animals varied from 0.5 to 7.5 years. Sera from 10% of the animals tested were seropositive by the enzyme-linked immunosorbent assay, with the percentage of positive animals varying from 0 to 20% between counties. The distribution of seropositive animals was generally in good agreement with the known distribution of I. ricinus, with the highest proportion of seropositive animals being in southern coastal areas of Norway. There were some exceptions, however, because seropositive animals were also found in areas where the tick has not been recorded. The majority of animals appeared to become infected during the first 2 years of life, with 12% of animals that were 1.5 years old being seropositive. The animals were all healthy at the time of serum sampling, and the clinical significance of B. burgdorferi in sheep is still uncertain.
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Lyme borreliosis (Lyme disease) is a zoonosis caused by the spirochete Borrelia burgdorferi (11, 56) . The disease is transmitted primarily by infected ticks, the most common vector in Europe being the tick Lrodes ricinus and those in the United States being the ticks Lxodes dammini and Lxodes pacificus (1) . In humans, Lyme borreliosis in its early stages is characterized by erythema migrans or erythema chronicum migrans, a skin lesion that spreads outward from around the site of a tick bite. Such local signs are often accompanied by systemic influenzalike symptoms, and if it is left untreated, the disease may proceed to a second or a third stage in which neurological symptoms and arthritis are common (48, 56) .
Much less is known about Lyme borreliosis in animals than is known about the disease in humans. B. burgdorferi infection, or serologic evidence of infection, has been reported in dogs, horses, and cows in the United States (12, 15-17, 21, 32, 33, 37, 38, 40, 50) . In Europe, few reports exist on Lyme borreliosis in animals. In the United Kingdom, Denmark, and Sweden, antibodies to B. burgdorferi and clinical symptoms of Lyme borreliosis have been found in dogs (23, 41, 47 In 1966, Borrelia-like organisms were found in the urine of sheep from a tick-infested area in Norway (26) . Special media for culturing Borrelia species were not available at that time, and attempts to cultivate the organisms on laboratory media and to infect guinea pigs, mice, and sheep with it were not successful. The spirochetes could thus not be identified any further.
In Norway, sheep farming is practiced in areas that are heavily infested with ticks as well as in areas where the tick has not been found, and sheep in tick-infested areas graze freely on vegetation in which the ticks are abundant. Tickborne diseases in sheep such as tick-borne fever caused by Ehrlichia phagocytophilia (10, 53) and louping-ill (tick-borne encephalitis) caused by louping-ill virus (genus Flavivirus) (49) are common in many tick-infested areas and, together with secondary infections after tick-borne fever, have been a problem in sheep farming in some areas (60) . Greater losses of lambs grazing in L ricinus-infested pastures than of lambs grazing in tick-free pastures have been reported (46) . This study involved the establishment of an enzymelinked immunosorbent assay (ELISA) for B. burgdorfen antibodies in sheep. Serological testing was then used to ascertain the exposure of sheep to the spirochete. Furthermore, the data on the prevalence of seropositive animals were correlated with the known geographic distribution of L ricinus in Norway.
MATERL4LS AND METHODS
Animals. Sera were collected from a total of 327 clinically healthy rams of various breeds. The ages of 322 of these rams were known and ranged from 0.5 to 7.5 years, with a mean age of 2 years and 4 months. The rams were registered in controlled breeding groups in 15 of 20 Norwegian counties. The number of rams tested from different counties varied from 5 to 60, depending on the overall number of sheep in the county in question (see Table 1 ). Some (57) . A mean OD value was calculated for each duplicate serum sample, and if the duplicates differed by more than 10% from the mean, they were retested (24, 57). On each test day, one randomly chosen serum sample from each plate was tested additionally on a separate plate. All positive sera were tested in two uncoated wells, and if the OD for the uncoated wells exceeded 25% of the value for the coated wells, the samples were retested (57) .
(ii) OD ratio. To eliminate plate-to-plate variation, the ELISA result was expressed as an OD ratio (51), i.e., the ratio of the mean OD of a test serum sample to the mean OD of a positive control serum sample on the same plate.
(iii) Cutoff. In B. burgdorfen ELISAs, it is common to use the numbers of SDs above the mean for a group of negative controls as a cutoff (39, 51) . The numbers of SDs used vary from one laboratory to another, but it is most common to use either 2 SDs (18, 51, 54) or 3 SDs (5, 22, 34) . To determine the cutoff levels for a positive test result and to eliminate day-to-day variation, 22 negative serum samples were tested on each test day. These were from rams in the most northerly counties of Norway, Troms and Finnmark, where L ricinus has not been found. The chance of these rams having been exposed to the tick-borne spirochete should thus be very low. A mean OD ratio and SD of the mean were calculated for the 22 negative serum samples which had the same serum dilution as the test sera.
To assess the reproducibility of the test, all the sera included in the serosurvey were retested 9 months later with a new batch of antigen. The best reproducibility was obtained when 3 SDs were used as a cutoff, because 97% of the serum samples were consistently either positive or negative in both tests. If, on the other hand, a 2-SD cutoff was used, only 79% of the serum samples were repeatedly positive or negative. Of the sera which additionally became positive when the cutoff was lowered, 75% were borderline sera; i.e., when the same sera were tested repeatedly, they gave various results, either positive or negative. This led to a much poorer reproducibility of the test. On the basis of these results, the cutoff between a positive and a negative test result was set at 3 SDs above the normal mean, and a positive animal was defined as one that had an OD ratio above the cutoff of 0.20. Titers. A total of 65 serum samples, including all the positive sera, were tested in double dilutions from 1:250 to 1:32,000, and the titers were related to the OD ratios. The cutoff titer corresponding to the 3-SD cutoff was 2,000 (reciprocal dilution); i.e., titers greater than or equal to 2,000 were considered positive.
In the serosurvey, OD measurements at one fixed serum dilution rather than titers were used, because this proved to be a more sensitive and accurate way of measuring the antibody response (52) .
Specificity testing. All sera that were positive in the B. burgdorfeni ELISA were tested for a background reaction in uncoated wells which were blocked with 4% rabbit serum, 1% bovine serum albumin, 10% dry skim milk, or 0.1% Tween 20. All B. burgdorfen-positive sera were also tested for antibodies to L. interrogans serovar hardjo and L. interrogans serovar icterohaemorrhagiae in a microagglutination and lysis test (at dilutions of 1:10, 1:30, 1:100, and 1:300), which was performed at the National Veterinary Institute, Oslo. Furthermore, the sera were tested for antibodies to T. pallidum in a microhemagglutination assay, which was performed at the National Institute of Health, Oslo.
RESULTS
The serosurvey. Upon testing of all 327 serum samples from different parts of Norway, a total of 32 (10%) proved to be seropositive. The sera of animals that tested positive had titers that ranged from 2,000 to 16,000. Sera from the majority of the animals had titers of 4,000, sera from two of the animals had a titer of 8,000, while serum from one animal had a titer of 16,000.
OD ratios of from 0.04 to 1.0 were found, and the distribution of OD ratios in different counties, together with the medium OD ratio found in each county, is plotted in Fig.  1 . The medium OD ratio varied from 0.08 in counties 14 and 15 to 0.14 in counties 1 and 10. Animals showing strong positive reactions (high OD ratio) were found in all parts of the country.
The proportion of positive animals in different counties varied from 0 to 20% (Table 1) . The results were combined for counties 5 and 6 and counties 14 and 15, because these counties are geographically very close and each county was represented by only a small number of animals. The highest percentage of positive animals (20%) was found in the southern county of Rogaland, and the percentage of positive animals in the other southern coastal counties varied from 6 to 17% (Table 1) . No seropositive animals were found in the counties of Telemark and S0r-Tr0ndelag. In the northern county of Nordland, three (13%) positive animals were found. In the two most northern counties, Troms and Finnmark, one positive animal was found (in Troms).
Surveys for L ricinus ticks have been conducted in all parts of Norway, and Fig. 2A shows the recorded distribution of L ricinus in Norway. Figure 2B shows the counties that were included in this serosurvey and the percentage of seropositive animals in each county. The highest percentage of seropositive animals was found in counties where L ncinus is widespread, but positive animals were also found in areas where the ticks are not known to exist. Age of the animals correlated with seropositivity. The age of the animals tested ranged from 0.5 to 7.5 years, with a mean age of 2 years and 4 months, the largest proportion (49%) being 1.5 years old. None of the 0.5-year-old animals were seropositive, but in the 1.5-year-old group, 12% of the animals were positive, and a similar percentage of positive animals was found in animals in the older age groups. The three animals with the highest titers were all 1.5 years old.
Specificity testing. None of the sera which were positive in the B. burgdorferi ELISA gave high background reactions in uncoated wells. All sera tested were negative for antibodies to L. interrogans serovars hardjo and L. interrogans serovar icterohaemorrhagiae, and only two of the B. burgdorfenpositive serum samples were borderline or weakly positive in the T. pallidum antibody test.
DISCUSSION
Upon testing of a representative sample of sheep from all parts of Norway, 10% of the 327 animals tested proved to harbor antibodies to B. burgdorfeni, indicating exposure to the agent. All were clinically healthy at the time of serum sampling. The distribution of seropositive animals was generally in good agreement with the known distribution of L ricinus in Norway (44) , with the prevalence of seropositive animals being highest in the more southern coastal areas. However, a complete correlation between the geographical distribution of seropositive animals and the reported distribution of L ricinus was not found, because some seropositive animals were also found further inland, where L ricinuls has not been recorded.
The highest percentage of positive animals was found in the county of Rogaland, where L ricinlus is very common.
The finding of one positive animal in the northern county of (12, 20, 23, 38, 40) .
One possible explanation for the discrepancies that we found between the distribution of B. burgdorferi-positive animals and the recorded L ricinuts distribution could be that the ticks were nevertheless actually present in those areas, regardless of the previously recorded tick distribution patterns. In Sweden, a population of L ricinuls infected with the spirochete was recently found farther north than the ticks had previously been recorded (30) . The spread of infected ticks by migratory birds has been suggested as an explanation for the appearance of new foci of infection (2, 27, 61) . In Norway, 95% of the ticks found on migratory birds were L ricinus (43) . Another explanation might be that vectors other than ticks carry the spirochete. B. biurgdorferi has been found in deer flies, horse flies, and mosquitoes in the United States (35); and one case of erythema chronicum migrans after a mosquito bite has been reported in Sweden (25) . In Norway, B. burgdorferi-like spirochetes have been found in the tabanid fly (Haematopata plhvialis), in addition to L ricinlis (42) . In the United States, in an area where L dammini ticks were not reported, Lyme borreliosis was diagnosed in a cow (16 (36) . Also, in the United Kingdom, vaccination of cows against L. interrogans did not cause false-positive results in the B. burgdorferi test (19) . Leptospira spp. have not been found in domestic ruminants in Norway (45), and there are no reports on T. pallidiin infections in sheep in Norway. It thus seems unlikely that the seropositive animals unexpectedly found in this study could be explained by the fact that they had antibodies that cross-reacted with other spirochetes.
When studying the ages of the animals included in the serosurvey described here, it appears that the percentage of seropositive animals did not increase significantly with increasing age. By the time they had reached the age of 1.5 years, about 10% of the animals had become seropositive, which indicates that most animals are exposed to the spirochetes early in life. The animals with the highest antibody titers were in the 1.5-year-old group, and these high titers may reflect a recent infection. None of the 0.5-year-old animals were seropositive, but it should be kept in mind that most of them came from non-tick-infested areas.
When establishing a serological test, the determination of cutoff levels is of importance. In the work described here, the use of 3 SDs as a cutoff gave much better reproducibility and considerably lowered the number of reactions that were doubtful or borderline in the test. It was thus found to be advisable to use the higher specificity provided by the 3-SD cutoff. This reduces the number of false-positive sera, increasing the specificity of the test, but at the cost of a lower sensitivity and probably more false-negative sera (59) .
All the animals which had high concentrations of antibodies to B. burgdorferi in the present study were clinically healthy at the time of blood sampling. Lyme borreliosis in sheep has not been described, whereas the signs of disease in dogs and horses are lameness, arthritis, loss of appetite, fever, and fatigue (17, 33, 37 
